ABSTRACT. Genetic variability is one of the important criteria for species conservation decisions. This study aimed to analyze the genetic diversity and the population differentiation of two natural populations of Arapaima gigas, a species with a long history of being commercially exploited. We collected 87 samples of A. gigas from Grande Curuai Lake and Paru Lake, located in the Lower Amazon region of Amazônia, Brazil, and genotyped these samples using a multiplex panel of microsatellite markers. Our results showed that the populations of A. gigas analyzed had high levels of genetic variability, which were similar to those described in previous studies. These two populations had a significant population differentiation supported by the estimates of F ST and R ST (0.06), by Bayesian analysis (K = 2), and by population assignment tests, which revealed a moderate genetic distance.
INTRODUCTION
Arapaima gigas (Cuvier, 1829) is an endemic species of the Amazon Basin that inhabits lakes, floodplains, and flooded forests. It is the largest freshwater scale fish in the world and can weigh as much as 200 kg in body mass and can be 3 m in body length (PereiraFilho and Roubach, 2010) .
The activities of fishing and the trade of this species have great social and economic importance in the Amazon region, the records of the first commercial fisheries date back to the early eighteenth century (Veríssimo, 1895) . However, the high commercial exploitation by the fishing industry over the years has led to a drastic reduction in the natural stocks of A. gigas. As a result, this species has become protected under the regulations of the Convention on International Trade in Endangered Species of Wild Fauna and Flora (Hrbek et al., 2005) . A. gigas is on the International Union for Conservation of Nature and Natural Resources (IUCN) Red List of Threatened Species, under the category of "Data Deficient" due to the lack of knowledge of this species (Arantes et al., 2011) .
Genetic variability is one of the most important criteria for biodiversity conservation recommended by the IUCN (McNeely et al., 1990) . To study the genetic variability of A. gigas, this study analyzed the genetic diversity and differentiation in two natural populations of A. gigas in the Lower Amazon using a multiplex panel of eight microsatellite markers.
MATERIAL AND METHODS
A total of 87 samples of A. gigas were collected, 41 of which from the Grande Curuai Lake (GCL), located on the south bank of the Amazon River. The other 46 were from Paru Lake (PAL), located on the north bank of the Amazon River; both lakes are located in the Lower Amazon, Pará State, Brazil ( Figure 1A) . A 10-g sample of muscle tissue was collected from each individual, preserved in 95% ethanol, and then stored at 4°C. Total genomic DNA was extracted from each tissue sample that had been digested in a proteinase K/sodium dodecyl sulfate solution, and DNA purification was performed using the standard phenol/ chloroform method, followed by precipitation with isopropanol (Sambrook and Russell, 2001) . The concentrations of the DNA samples were measured with a NanoDrop TM ND-1000 spectrophotometer (Thermo Scientific).
The samples were genotyped according to the protocol developed by Hamoy et al. (2008) . In brief, the DNA products were visualized using the Applied Biosystems 3130 Genetic Analyzer and genotyped using the GeneMapper 3.7 software (Applied Biosystems). To check for possible genotyping errors and null alleles, the Micro-Checker program was used (van Oosterhout et al., 2004) .
The observed (H O ) and expected (H E ) heterozygosities and their possible deviations from Hardy-Weinberg equilibrium (HWE) were calculated in the Arlequin 3.5.1.3 program (Excoffier and Lischer, 2010) . Then, we determined the Bonferroni correction (Rice, 1989 ) P values. The number of alleles per locus (N A ) and allelic richness (A R ) were estimated using the program Fstat version 2.9.3.2 (Goudet, 2002) . The polymorphic information content (PIC) (Hearne et al., 1992) was calculated using the Cervus 3.0 program (Kalinowski et al., 2007) . The interpopulation genetic differentiation was observed in both the R ST and the F ST using the Arlequin 3.5.1.3 program (Excoffier and Lischer, 2010) .
To infer the number of genetically homogenous populations (K) that most likely occurred during the study, we created a database in the Structure 2.2 program (Pritchard et al., 2000) . In this Bayesian analysis, we ran 106 simulations with the K value ranging from 1 to 4. For the burn-in test, we ran 20,000 simulations. The most likely value of K was determined by the DK method described by Evanno et al. (2005) using the Structure Harvester 0.6.94 program (Earl and vonHoldt, 2012) . We tested the population assignment using the program GenAlEx 6.5 (Peakall and Smouse, 2012) to determine the likelihood of inclusion of the individuals in each population.
RESULTS AND DISCUSSION
A total of 25 alleles were identified for the eight loci that were analyzed in the 87 A. gigas specimens. The N A , A R , H O , H E , and PIC values are shown in Table 1 . The results of the Micro-Checker program did not indicate the presence of null alleles or stutter bands.
N A = number of alleles, A R = allelic richness, H O = observed heterozygosity, H E = expected heterozygosity. *Marker out of the Hardy-Weinberg equilibrium, after Bonferroni correction (adjusted P < 0.005). We found most loci in HWE. However, there were four loci identified in HWE, three due to heterozygous excess and one due to heterozygous deficiency ( Table 1) .
The values of F ST and R ST between the populations of GCL and PAL were both equal to 0.06 (P < 0.5). The genetic signature test showed that 82% of the individuals were assigned to their local populations, whereas the other 18% came from another population ( Figure 1B) . The results of the Bayesian analysis supported the existence of two clusters (K = 2) in the database analyzed, with the GCL and the PAL populations each forming a distinct cluster ( Figure 1C) . We adopted the multiplex panel method from Hamoy et al. (2008) to quantify the genetic variability of the populations of A. gigas that were investigated. Compared with other microsatellite analysis approaches, this approach provides a quick and inexpensive method of evaluation.
The average N A values in the GCL and PAL populations of A. gigas were as high as and similar to those found by Hamoy et al. (2008) , who found an average N A = 8.0 for a population of A. gigas native to the Sauaçu Lake in the Lower Amazon region. In comparison, some studies using other microsatellite markers, such as the ones by Araripe et al. (2013) and Farias et al. (2003) , found mean values of N A of approximately 6.5 in populations of the Lower Amazon and southeast of Pará.
The average A R values found in the GCL and PAL populations of A. gigas were higher than those reported by Araripe et al. (2013) , in which the average A R values for the four large populations analyzed were all greater than 5.5.
The average values of H O in the GCL and PAL populations were similar to those found by Hamoy et al. (2008) , who reported an H O average of 0.69. The PIC markers in this study were all above 0.5 and are thus considered as informative and of good quality (Botstein et al., 1980) . We found that the GCL population had only one locus (AgCTm07) out of HWE, which was caused by heterozygous deficiency, whereas in the LAP population, the imbalance occurred in three loci. These loci were AgCAm02, AgCAm16 and AgCTm03, all of which were caused by heterozygous excess. The latter could potentially be explained by a sampling bias, as these loci showed no significant deviations in the GCL population. Moreover, Hamoy et al. (2008) used the same multiplex panel but found no locus with significant deviation from HWE, either.
Taken together, these findings suggest that the A. gigas populations of the Lower Amazon region analyzed in this study have high levels of genetic variability. This high-level variability was also verified by a study by Hrbek et al. (2005) on two segments of mtDNA, which showed that the expression of these segments of mtDNA were higher in samples from the areas far from large urban centers of the Amazon, where the commercial exploitation of this fish has been reduced. The high-level genetic variability that we found in this study possibly reflects the effectiveness of the past and current regulations on the commercial exploitation of this species.
The populations of A. gigas that we investigated showed a moderate population differentiation based on their estimated F ST and R ST, according to the standards proposed by Hartl and Clark (2010) . This differentiation is also supported by Bayesian analysis. The results of this study are consistent with the findings of Hrbek et al. (2005) , who found a significant differentiation among various populations, and suggested that this differentiation was an artifact of anthropogenic actions caused by genetic drift, not by isolation by distance. Hrbek et al. (2007) studied various populations along the Amazon River and also found significant population differentiation, but their results were associated with isolation by distance. In addition, Araripe et al. (2013) reported moderate to high genetic differentiation in their population studies at the meso and large scales as well.
The genetic signature test showed that most individuals are classified as belonging to their local populations, which can be explained by the fact that A. gigas is considered as a sedentary species, which only performs small lateral migrations for a short distance (Castello, 2008) . This result is different from another Amazonian species as reported by Fazzi-Gomes et al. (2017) , who performed the same analysis in the native populations of Colossoma macropomum in the Amazon basin and found high levels of mixtures between populations, resulting in a panmictic population.
The moderate genetic differentiation and the high genetic variability that we found in the two populations of A. gigas of the Lower Amazon region are consistent with previous literature and are important for the development of the regulation plans on this species. Future studies on the characterization of population and the monitoring of genetic variability of other natural and farm-raised populations of A. gigas are needed for the understanding and protection of this species.
